as in the dental plaques.
.The use of enzymes as antibody .markers for the localization of cellular antigens was proposed by Avrameas & Uriel (1966) and Nakane & Pierce (1967) , and numerous studies of il1upunoelectron microscope cytochemistry have been published. This method was also applied to oral biology. Thus, using monospecific anti-IgA immunoglobulins labelled with horseradish peroxidase, Klein et al. (1974) demonstrated a specific IgA fixation in the cell wall of gram-positive and gram-negative bacteria of dental plaque, thus raising the problem of the biological role of immunoglobulins in bacterial metabolism.
If kinetic and dynamic information is needed in ultrastructural investigations, electron mic~oscope autoradiography is the method of choice. Pelc et al. (1961) , Granboulan (1963) and Salpeter & Bachmann (1965) adapted autoradiography for use with the electron microscope. It thus became possible for the sites of biosynthesis and migration of organic and inorganic substances to be precisely localized in the cell as well as in a variety of extracellular matrices. Autoradiography can therefore be said to have introduced the time dimension into histology (Leblond 1965) .
With the advent of the scanning electron microscope, possessing a large depth of focus and particularly indicated for the study of surfaces, significant contributions were made to oral biology especially by Boyde (1967 Boyde ( , 1970 .Scanning as well as transmitted electron microscopes have been equipped with electron microprobe systems allowing elementary chemical analysis under morphological control at high enlargements; calcium, phosphorus, magnesium and even fluorine determinations have thus been made in oral epithelial or mesenchymal oral cells and calcified tissues. Due to the elaborate and polarized cell machinery of the opposing ameloblasts and odontoblasts, the tooth germ became an experimental model of choice for the general study of the epithelial and mesenchymal interactions. The existence of a complex sequence of events occurring alternatively on the side of the enamel organ and within the dental papilla led, through the combination of tissue culture and electron microscopy, to a better knowledge of these types of interactions.
It has been demonstrated that the differentiation of the tooth primordium is determined by the mesenchymal papilla. However, with isochronal and heterochronal combinations between enamel organs and dental papilla and between pulp and undifferentiated epithelium, it has also been shown that inner dental epithelium plays a specific role in the initiation of differentiation and the maintenance of the odontoblasts (Ruch & Karcher-Djuricic 1971) . Furthermore, the presence of a collagenous predentin matrix is important for the differentiation and polarization of the ameloblasts (Slavkin et al. 1969 , Ruch et al. 1974 ). An inductive role has been attributed to cell contacts between odontoblasts and ameloblasts during the early stages of odontogenesis. However, using transfilter cultures of rat epithelium and mesenchyme, Wolters & van Mullem (1977) showed that induction was not mediated by cell-to-cell contacts. It has also been hypothesized, but not proven, that instruction for epithelial differentiation could be transmitted through matrix vesicles. In this type of investigation, the convergent use of tissue culture and electron microscope autoradiography will probably allow the identification of the morphological and biochemical messengers acting in one or other direction.
We have recently used this technique to analyse the restoration of the basement membrane in cultivated reassociations of enamel organs and pulps of Swiss mice molars after trypsin dissociation . To determine the origin of the inner and outer layer of glycosaminoglycans associated with the collagenous mat composing the basement membrane (Hay 1978) , enamel organs or pulps were labelled with 3H-glucosamine and cultured in association with unlabelled pulps or enamel organs for 9 h 30 min (beginning oflamina densa restoration) or 19 hours (complete lamina restoration). After these two time intervals in the case of enamel organ labelling, numerous silver grains were observed in the intercellular spaces of the stellate reticulum indicating a concentrating and storing role of the latter. After dental papilla labelling, an almost complete absence of radioactivity was noted at 19 hours suggesting that 3H-glucosamine is not stored by the dental papilla. A clear labelling of the basement membrane area and of the adjacent aperiodic filamentous material found on the pulpal side was only observed after enamel organ labelling with 3H-glucosamine, suggesting an epithelial origin of the glycosaminoglycans found in these structures.
Extensive electron microscope studies have been carried out on the synthesis of organic matrices of calcified tissues as well as in the transfer routes of inorganic elements (for review see Frank 1979) . Collagen, phosphoproteins and proteoglycans constitute the major components of the organic matrices of bone and dentin; approximately 90% of these matrices is collagen. The situation is quite different in enamel where the newly-secreted embryonic matrix makes up 20% of the tissue by weight. After completion of mineralization, the tissue contains a meagre 0.5% of organic material composed essentially of proteins (the exact composition of which is still a matter of debate) and small amounts of glycoproteins and proteoglycans as well.
Numerous electron microscope autoradiographic studies have clearly shown that the matrices of these different calcified tissues are secretion products of specialized cells, namely osteoblasts, odontoblasts and ameloblasts. The precise intracellular and extracellular pathways of the various participating organic molecules have been elucidated.
Collagen biosynthesis has been studied after intravenous injections of proline-H in rats or newborn kittens. In the osteoblast (Frank & Frank 1969 , Weinstock 1975 , Weinstock & Leblond 1974 and the odontoblast (Frank 1970b , Weinstock & Leblond 1974 , Leblond & Weinstock 1976 , an initial significant labelling of the endoplasmic reticulum followed by a transfer of the synthesized proteins to the Golgi apparatus were observed. Weinstock (1975) and Weinstock & Leblond (1974) demonstrated that in the Golgi apparatus of the osteoblast the collagen precursors are packaged in secretory granules of elongated shape and contain electron opaque material. These granules migrate to the cell periphery where they pour their content into the osteoid matrix by exocytosis.
In the Golgi apparatus of the odontoblasts, an important labelling in proline-sH was observed over elongated rod-shaped vesicles containing bundles of parallel filaments oriented lengthwise, as well as dense granular particles arranged in transverse periodic bands (Frank 1970b , Weinstock & Leblond 1974 , Leblond & Weinstock 1976 ). These labelled, elongated vesicles were found in the proximal odontoblast cytoplasm as well as in the odontoblast process, where they show membrane fusion with the plasmalemma. This latter fact together with the subsequent labelling of the predentin matrix suggested that the elongated vesicles discharge their content in the predentin through exocytosis.
The biosynthesis of the other organic components of bone matrix, namely phosphoproteins, glycoproteins and proteoglycans, has not been extensively studied.
.The formation of glycoprotein in dentine was studied by Weinstock et al. (1972) , who noted that fucose--H is' added to forming glycoprotein in the Golgi apparatus and packaged into secretory vesicles with subsequent discharge into the predentine. It thus becomes evident that the secretory granules of the odontoblast are able to carry not only procollagen, but also glycoprotein, proteoglycan (Leblond & Weinstock 1976 ) and probably also phosphoprotein. However, it is unclear whether these organic components are transferred simultaneously in the same vesicle or carried by different vesicles.
. . The steps in the secretion of enamel protein as seen by electron microscope autoradiography (Frank 1970a , Slavkin et al. 1976 ) consist in a fast transfer of the newly synthesized proteins from the endoplasmic reticulum to the Golgi apparatus. At this level they are packaged in round secretory granules which migrate in Tomes' process. The presence of membrane fusions between the membranes of the secretory granules and the Tomes' process, together with a consecutive high labelling of the intracellular granules' content and the adjacent extracellular enamel, clearly indicate a protein secretion via exocytosis involving the secretory granules (Frank 1970a) . Enamel glycoprotein (Weinstock & Leblond 1971) and proteoglycans (Weinstock 1972 , Nagai & Nagai 1977 incorporated within the Golgi apparatus follow similar pathways involving secretory granules.
Bone, dentin and enamel share an inorganic crystalline phase related to hydroxyapatite, CalO(P04MOH)2' For the mesenchymal calcified tissues, bone and dentin, the calcification phase is distinctly separate from the initial phase of organic matrix elaboration, whereas for enamel these two stages are concurrent. The exact sites of the initial mineral deposition in the extracellular organic matrices of calcified tissues have been the subject of heated controversy. However, it is now generally accepted that in the early developmental stages of fetal woven bones, of calcifying cartilage and of peripheral mantle dentin, the initial sites of calcification are in matrix vesicles originating from the cells. However, it must not be forgotten that the major part of bone and dentin matrices as well as enamel undergo calcification in the absence of matrix vesicles.
The transfer routes of 45Ca are interesting to follow from the blood capillary lumens to the mineralization sites. We have noted that during osteogenesis, an intracellular transfer of 4SCa through the osteoblasts and the osteocytes to reach the bone tissue either directly or through the osteoid tissue was more important than the direct transfer through the intercellular spaces of medullary fibroblasts and osteoblasts . During dentinogenesis, the direct route through the extracellular spaces was of almost equal importance as the transcellular transfer through the odontoblast (Nagai & Frank 1975) . Finally, during amelogenesis, the direct extracellular route was more important (Nagai & Frank 1975) , confirming the findings of Munhoz & Leblond (1974) . However, in contrast to these workers, we observed a labelling of the ameloblasts as well.
In the osteoblast, the odontoblast and the ameloblast, the mitochondria were the organelles showing the highest concentration in radioactive calcium, confirming their importance in the intracellular calcium metabolism. However, we could not observe any labelling ofthe secretory vesicles of these cells, whereas Frazier & Nylen (1972) and Reith (1976) , using ultrastructural cytochemistry during dentinogenesis, found positive reactions in such granules. It is possible that the absence of labelling observed during our studies is related to the relatively low doses of 45Ca used.
A considerable amount of published work has been devoted to the ultrastructure of the mature calcified tissues in transmitted as well as in scanning electron microscopy. Maxillary bone is made up of a calcified matrix with parallel or irregularly-oriented collagen fibrils, but lamellar bone and even typical osteons are also present. A periosteocytic organic space, containing amorphous ground substance and sometimes uncalcified collagen fibrils, separates the osteocyte from the lacunar wall. Tight junctions (Weinger & Holtrop 1974) and gap junctions (Frank & Steuer 1977) have been described between osteocyte processes of adjacent cells located in small bone canaliculi.
In human dentine, the odontoblast processes suspended in an amorphous gel phase occupying the periodontoblastic space extend over the inner third of the dentine tubules. In the hypercalcified peritubular dentine, a higher content in Ca, P and magnesium was found with secondary ion microscopy, and selected area electron diffraction confirmed the presence ofwhitlockite (Lefevre et al. 1976) .
Over a period of many years, the innervation of dentine and predentine was alternately confirmed and denied with light microscopy (for review see Fearnhead 1967). Using the electron microscope, Frank (1968a, b) described unmyelinated nerve fibres in the inner third of fully formed human coronal dentine. Such an identification was based on the ultrastructural aspects typical of nerve endings observed in other parts of the body. The intradentinal receptor was not found in every coronal tubule. Complex infolding of the nerve ending in the odontoblast process has been observed. At this level tight junctions have been located (Frank 1968 a, b) which with the use of lanthanum hydroxide were identified as gap junctions (Holland 1976) . The ultrastructural presence of nerve endings in the inner coronal dentine was further confirmed by Johansen (1967) , Avery (1971) and Corp ron et al. (1972) . In addition to unmyelinated nerve fibrils, Corpron & Avery (1973) described Schwann cell-covered axons among coronal odontoblasts and predentine in mouse molar teeth.
Convincing evidence for the sensory nature of the intradentinal nerve endings was contributed by Arwill et al. (1973) . In the teeth of cats subjected to sensory denervation by unilateral transection of the inferior alveolar nerve, these workers demonstrated after 2-4 weeks a total absence of impulse activity during electrophysiological recordings. Under the electron microscope nerve fibres were absent or showed degenerative changes. Control teeth responded to pain stimuli, and ultrastructural evidence of nerve endings in the inner coronal dentine was found. After unilateral transection of the autonomic supply by removal of the cervical sympathetic ganglion, no changes in the electrophysiological recordings of inner coronal dentine were observed and ultrastructurally the intratubular nerves were present. A final demonstration of the sensory trigeminal origin of the intradentinal coronal nerve endings was made by using the migration of radioactive protein molecules from the neurons toward the nerve endings (Droz 1969) . Thus proline-sH injected into the trigeminal ganglion of rats (Byers & Kish 1976) or cats (Weill et al, 1975) was incorporated into proteins and moved rapidly by axonal transport to the endings of these neurons. The labelling of the intradentinal coronal nerves thus observed in electron microscope autoradiography confirmed their sensory trigeminal origin (Byers & Kish 1976) .
The prismatic nature of mammalian enamel is now recognized, and Boyde (1964), Frank &Nalbandian (1967) and Osborn (1973) described three different types ofprism arrangements:
(1) circular prisms separated by interprismatic enamel; (2) parallel rows of prisms alternating with interprismatic substance; and (3) the so-called arcade form of enamel, the most common variety found in humans. Based on a study of mature human enamel, Meckel et 01. (1965) considered the arcade-formed prism as having a 'keyhole' configuration in cross section with a head directed toward the occlusal or incisal edge of the crown and a tail oriented toward the cemento-enamel junction. Both regions differed only by their apatite crystal orientation and Meckel et 01. (1965) denied the existence of the interprismatic substance.
Since the initial description of the 'keyhole' configuration, a certain number of objections have been raised. The main argument originates from the study of amelogenesis, since enamel does not develop with the form of a prismatic tail and head: a continuous network of interprismatic enamel develops initially.
The electron microscope has shown that in adult human enamel the so-called 'prism sheath' is reduced to an intercrystalline space which is recognized by the different crystal orientation on either side. In fact, during dental caries this prism boundary is the first to be enlarged by apatite crystal dissolution (Frank 1973) . A scattered destruction of apatite crystals is then observed in the prisms and the interprismatic substance is the last enamel structure to be destroyed in contact with the advancing front of the bacterial invasion of the tissue (Frank 1973) .
With the advent of higher resolution transmission electron microscopy, it has been possible to demonstrate periodic lattice images in apatite crystals of enamel (Nylen & Omnell 1962 , Frazier 1968 , Takuma & Hirai 1968 , Hirai & Fearnhead 1972 , Selvig 1972 , Voegel & Frank 1977b , Kerebel & Daculsi 1976 , dentine (Voegel & Frank 19770) and bone (Selvig 1970 , Spector 1975 . These periodic lattice images allow the determination of the precise shape and size of the monocrystals in relation to their crystallographic axes, as well as the visualization of imperfections in the crystallattice. When taking into account only such crystals presenting simultaneously (100) planes and equivalent fringe patterns, theresulting hexagonal fringe patterns require that all the three lattice plane sets equivalent to the (100) planes are nearly parallelto the electron beam, or in other words that the c axis is perpendicular to the plane of section.
The measurements of width and thickness on cross sections of numerous apatite crystals made exactly perpendicular to the c axis gave the following width on thickness ratios: for human enamel = 1.99 ± 0.10; for human dentine = 3.60 ± 0.14; and for human bone = 7.43 ± 0.27 (Frank & Voegel 1978) . Thus gradation from a slightly flattened hexagonal prism toward a thin platelet shape was apparent from enamel to dentine and bone crystals.
The dissolution mechanism of individual apatite crystals was followed for enamel and dentine during dental caries and for bone during advanced alveolar periodontal disease (Frank & VoegeI1978) . It is characteristically a highly systematic process following very precise crystallographic planes.
Enamel monocrystal destruction always starts at one end of the crystal through formation of a central core lesion, which extends anisotropically along the c axis. According to Arends et 01. (1971) , the development of this central core lesion is due to the presence of dislocations parallel to the c axis. After the development of the central core lesion, the crystal dissolution spreads laterally following two mechanisms. In the first type, the destruction develops parallel to (120)planes and the borders are limited by (100)planes. In the second type, the development of the lateral side lesion is parallel to (100) planes. The carious destruction of the enamel monocrystals occurs as a result ofthe development of several-side dissolution of the two types described proceeding along the entire central core lesion (Voegel & Frank 1977b) .
The dissolution mechanisms of platelet-shaped dentinecrystals during dental caries, and bone crystals during osteoclastic resorption in periodontal disease, are. similar from the ultrastructural point of view (Frank & VoegeI1978) . The initial step of dissolution is characterized by the development ofone or several central core lesions which extend along the c axis. Through lateral extensions along (100) planes, one or several central clefts appear which through their fusion lead to a splitting of the monocrystal into.two thin prates. Jongebloed (1976) showed that the central dissolution of synthetic hydroxyapatite crystals in acid is a fast phenomenon occuring with a velocity of about 600 A/second. Gamier et 01. (1976) , following the acid dissolution of enamel crystals, confirmed this finding and showed that the lateral-side dissolutions occurred at a slower rate. By comparing carious enamel apatite crystals (with a central core lesion) with adjacent normal crystals, Voegel & Frank (l977c) by single electron diffraction noted a significant increase of 0.05 A in the a=b parameters of carious, whereas the c axis remained unchanged. A similar a=b axes increase was found by Arends (1976) on bovine enamel treated with acid. This increase in a=b parameters can be related to ionic substitutions, to a looser packing of the crystalline ions or to a preferential ionic or molecular dissolution. In enamel caries, Hallsworth et al. (1973) have noted an initial preferential loss of carbonates, whereas Arends & Davidson (1975) observed an enrichment in HP0 4 2-. Studying ionic concentration in apatitic solid phases during carious and acid dissolution by infrared spectroscopy, Voegel et al. (1978) confirmed both of these results. The convergent use of biophysical and biochemical methods will probably lead to the identification of preferential sites of dissolution within the apatite monocrystal.
Important contributions have also been made by electron microscopy in the field of periodontal research. The gingivodental junction has been extensively studied and the ultrastructure of the epithelial attachment is now well established; hemidesmosomes coat the plasmalemmas of the superficial epithelial cells with a cementing substance interposed between the enamel surface, either directly or through an endogenous acquired pellicle (Frank & Cimasoni 1970 , Schroeder & Listgarten 1971 . The connective part of the gingivodental junction is composed of collagen fibrils of the lamina propria invested in the calcified cementum. These Sharpey's fibres are continuous with those of the periodontal ligament. Ultrastructural demonstrations ofepithelial and connective reattachments ofthe gingivodental junction have been clearly demonstrated after flap surgery. Typical hemidesmosome formation (Frank, Fiore-Donno et al. 1972 , as well as cementum apposition (Frank, Fiore-Donno et al. 1974 , Nalbandian & Frank 1980 , have been observed during the healing process.
The importance of fibroblasts in the biosynthesis and secretion of procollagen is now well recognized (Kulonen & Pikkarainen 1973) . However, it has become evident that periodontal fibroblasts also have an important part to play in collagen resorption through phagocytosis. Ten Cate (1972) was the first to publish and clearly demonstrate the extensive distribution of intracellular collagen in oral connective tissue fibroblasts. This collagen resorption by oral fibroblasts has been described primarily in the monkey and with even greater frequency in rodents (mice, rats, hamsters, guinea pigs and rabbits). , during extensive tissue remodelling after flap surgery, confirmed the occurrence of collagen resorption in man. A theory of collagen fibre maintenance within the periodontal ligament, proposed by Garant (1976) , takes into account the motility and contractility of fibroblasts; the phagocytic and degradation potential of fibroblasts; the presence of intracellular collagen; and the high turnover rate of acid insoluble collagen within the periodontium.
The importance of subgingival plaque in the pathogenesis of periodontal diseases has been emphasized by electron microscopy, and Page & Schroeder (1976), with histomorphometric methods, made a comprehensive ultrastructural classification of these diseases with initial, early, established and advanced lesions.
The most satisfying progression in biology can be achieved when coincidences between structure and function are found. This has largely been the case with the contributions of electron microscopy to oral biology. In just less than two decades a significant amount of new information has been gained and the perspectives of this type of investigation are far from being exhausted. It can therefore be concluded that this technique will continue to contribute to the investigation of embryology, histology, cytology, histochemistry, immunology, physiology and pathology of the oral tissues.
